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Synthetic Combinatorial Libraries: Novel Discovery Strategy for
Identification of Antimicrobial Agents
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Bacterial resistance to existing drugs is a constantly growing
process that is reaching alarming levels (for reviews, see ref-
erences 16 and 35). This, combined with the recent decline in
the development of new antibiotics, can be anticipated to lead
to the appearance of infectious diseases lacking a ready treat-
ment regimen. For instance, methicillin-resistant Staphylococ-
cus aureus (MRSA) is resistant to all b-lactams, including pen-
icillins, carbapenems, and penems, because of the production
of a penicillin-binding protein that has a low affinity for b-lac-
tam antibiotics (31). This resistance positions MRSA as an
increasingly dangerous pathogen in the 1990s (10). Vancomy-
cin is currently the agent of choice against MRSA (for a re-
view, see reference 9). However, its widespread use, as ex-
pected, is leading to new resistant strains, as has been observed
in enterococcal species (43).
Classical sources for novel antimicrobial agents include bi-

ological sources (e.g., marine waters, insects, mammals, plants,
and soil samples [1, 8, 33, 34, 39]), as well as large collections
of individual compounds gathered from various laboratories.
While these compounds have diverse skeletal and functional
arrays, the isolation and characterization of such natural com-
pounds or the synthesis of large collections of individual com-
pounds can be cumbersome and can delay the discovery pro-
cess. The recent development of synthetic combinatorial
libraries (SCLs) represents a major advancement in the dis-
covery of new lead compounds for drug development (for
reviews, see references 4, 21, and 37). Although its use for the
identification of novel antimicrobial agents has not been fully
exploited, the findings reported so far indicate that combina-
torial techniques will play an important role in the infectious
disease area.

SCL APPROACHES

A library is commonly defined as any collection of com-
pounds ranging in number from tens to millions that can be
prepared either separately by parallel synthesis methods or by
combinatorial chemistry. In contrast, combinatorial libraries
represent vast numbers (thousands to millions) of compounds
prepared simultaneously in a highly systematic manner. These
libraries consist of all possible combinations of a class of com-
pounds. Each of these compounds can be physically separated
from one another by being attached to a solid support (20, 22,
30) or can be combined in mixtures of compounds free in
solution (28). Combinatorial libraries enable the simultaneous

screening of thousands to millions of compounds and the rapid
identification of novel, biologically active compounds without
any prior structural or sequence knowledge. Several tech-
niques have been developed to generate combinatorial librar-
ies (i.e., using molecular biology or chemical processes [for
reviews, see references 4, 21, and 37]). To date, only one of the
existing SCL techniques has been used to identify antimicro-
bial agents (4–7, 25, 28, 36). This involves the use of soluble
SCLs made up of mixtures of thousands of peptides or pep-
tidomimetic compounds that are free to interact with micro-
organisms in solution (i.e., the compounds are not attached to
a solid support). For example, because of the solubility prop-
erties of these mixtures, standard microdilution assays have
been used for the identification of antimicrobial compounds.
In contrast, because of their heterogeneity and the presence of
a secondary insoluble support, difficulties are encountered in
the use of libraries that are chemically bound to a solid support
(i.e., plastic pins [22], resin beads [30], silica surface [20], etc.)
in cell-based assays.
Soluble SCLs are prepared by a solid-phase, simultaneous

multiple synthesis methodology (24); this is followed by cleav-
age of the mixtures from their support (26). The simultaneous
multiple synthesis technology enables mixtures of compounds
to be synthesized in separate groups, each being defined by
individual residues or building blocks at one or more given
positions (25, 28). The following are soluble hexapeptide SCLs:
OOXXXX-NH2, XXOOXX-NH2, XXXXOO-NH2, OXXXXX-
NH2, XOXXXX-NH2, XXOXXX-NH2, XXXOXX-NH2, XXX
XOX-NH2, and XXXXXO-NH2, where X is a mixture of 20
L-amino acids and O is one of the 20 L-amino acids. Such
segregation permits the straightforward identification of the
active compound(s) present in a pool of millions of other
compounds without carrying out additional analytical analyses.
Two deconvolution processes have been proposed for the iden-
tification of the active compound(s) in these mixtures: (i) an
iterative process involving three consecutive steps of screening,
selecting the most active mixture(s), and synthesizing new mix-
tures composed of a smaller number of individual compounds
(28) and (ii) a positional scanning process in which the most
important amino acid(s) or building block(s) is determined for
every position in a single screening assay (25). As illustrated in
Table 1, the iterative process results in the successive identifi-
cation of one residue or building block at a time. For example,
following the screening of 400 separate hexapeptide mixtures
defined as Ac-OOXXXX-NH2 (where Ac is N-acetylated),
Ac-RRXXXX-NH2 was found to show the highest degree of
anticandidal activity (4). The next iterative step involved the
synthesis and screening of 20 new peptide mixtures defined by
the formula Ac-RROXXX-NH2. By defining an additional po-
sition with a single amino acid, the number of individual com-
pounds within a mixture decreases (20 times in the example
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presented here) each time that the iterative process is re-
peated. The selection criteria at each iterative step are based
on the biological activity of interest, as well as on the chemical
and structural natures of the most active mixtures. Thus, one
can select a number of mixtures showing similar potent activ-
ities but different chemical characteristics or a single mixture if
the most active ones are characterized by amino acids or build-
ing blocks with similar chemical natures. This iterative SCL
approach requires 6 to 12 weeks to complete.
The use of the positional scanning deconvolution process, on

the other hand, requires only a single screening step in order to
identify active individual compounds. This process was used to
identify antistaphylococcal N-permethylated hexapeptidomi-
metic compounds (Table 2) (36). This process involves the

screening of separate positional SCLs which differ by the po-
sition of the defined amino acid(s) or building block(s), with
the number of positional SCLs depending on the length of the
sequence and/or the number of positions defined (38). For
instance, a positional scanning hexapeptide SCL can be com-
posed of six separate SCLs in which a single position is defined
(total of 120 mixtures if one considers the 20 L-amino acids) or
of three separate SCLs in which two positions are defined
(total of 1,200 mixtures) (see the building blocks listed above).
When used in concert, the data derived from each positional
SCL yield information about the most important amino acid(s)
or building block(s) for every position. Individual compounds
that represent all possible combinations of the selected amino
acids or building blocks at each position are then synthesized in
order to confirm the screening data and determine their rela-
tive activities. In addition to the selection criteria described
above, an activity cutoff is necessary to minimize the number of
compounds that one must ultimately synthesize.
In practice, there is not typically one and only one active

sequence present in a mixture, but there are many acceptable
conservative substitutions for most peptides and peptidomi-
metic compounds (e.g., valine for isoleucine and serine for
threonine). This greatly increases the ‘‘effective’’ concentration
of an active sequence and thus the ‘‘signal’’ seen in the assay.
In the case of the identified anticandidal peptide from the
hexapeptide SCL illustrated in Table 1, the concentration of
each peptide was approximately 62 ng/ml (64 nM) at a mixture
concentration of 10 mg/ml. The activity of 67 mg/ml found for
the selected individual peptide indicates the presence of nu-
merous other peptides with similar or lower levels of activity
within the initial Ac-RRXXXX-NH2 mixture acting in an ad-
ditive or positive synergistic manner.

NOVEL ANTIMICROBIAL COMPOUNDS
DERIVED FROM SCLs

L-Amino acid-containing peptides. On the basis of well-es-
tablished synthetic procedures (32), peptide SCLs represent
the first class of libraries that have been developed. A number
of these SCLs were assayed to identify novel antimicrobial
agents. For instance, series of L-amino acid hexapeptides were
found to show activity at micromolar levels against both gram-
positive and gram-negative bacteria and the yeast Candida
albicans, with little or no lytic effect on erythrocyte (Table 3).
Kinetic studies indicated bacteriocidal effects for these pep-
tides (5). Also, these newly identified hexapeptides had activ-
ities similar to or greater than those of longer, naturally oc-
curring antimicrobial peptides such as magainin and cecropin
(5).
The major drawbacks in considering L-amino acid-contain-

ing peptides as therapeutic agents are their lack of oral bio-
availability and their rapid enzymatic degradation. However, a
number of peptide antibiotics have been shown to be of great
value as topical therapeutics (e.g., polymyxin and bacitracin
[29, 44]), and it appears that insects and mammals utilize
peptides as a primary host defense system to counter bacterial
infections (1, 8, 33, 45). In contrast to classical antibiotics,
peptides generally exert their activity by altering the perme-
ability properties of bacterial plasma membranes (40). This
different mechanism of action adds value to L-amino acid-
containing peptides as alternative agents in the fight against
new drug-resistant strains.
D-Amino acid-and unnatural amino acid-containing pep-

tides.While not directly derived from a deconvolution process,
it was found that the all-D analogs of L-amino acid-containing
hexapeptides identified from SCL screenings showed antimi-

TABLE 1. Identification of antifungal hexapeptides by an iterative
deconvolution processa

Process Sequenceb
No. of
peptides
per mixture

IC50
(mg/ml)c

Synthesis Ac-OOXXXX-NH2 160,000
Screening and selection Ac-RRXXXX-NH2 160,000 1,704
Synthesis Ac-RROXXX-NH2 8,000
Screening and selection Ac-RRWXXX-NH2 8,000 405
Synthesis Ac-RRWOXX-NH2 400
Screening and selection Ac-RRWCXX-NH2 400 127
Synthesis Ac-RRWCOX-NH2 20
Screening and selection Ac-RRWCKX-NH2 20 74
Synthesis Ac-RRWCKO-NH2 1
Screening and selection Ac-RRWCKR-NH2 1 67

a From reference 4.
b X and O are as defined in the text, Ac is N-acetylated, and one-letter amino

acid codes are used and are defined as follows: C, cysteine; K, lysine; R, arginine;
W, tryptophan.
c IC50, peptide mixture concentration that inhibits 50% of yeast growth (42).

The activity was determined against 105 CFU of C. albicans ATCC 10231 per ml
following a 48-h incubation at 308C.

TABLE 2. Identification of antistaphylococcal permethylated
hexapeptides by a positional scanning deconvolution processa

Process Sequencesb
No. of

compounds
per mixture

IC50
(mg/ml)c

Synthesis pm[OXXXXX] 1,889,568
pm[XOXXXX] 1,889,568
pm[XXOXXX] 1,889,568
pm[XXXOXX] 1,889,568
pm[XXXXOX] 1,889,568
pm[XXXXXO] 1,889,568

Screening and selection pm[LXXXXX] 1,889,568 189
pm[XFXXXX] 1,889,568 94
pm[XXIXXX] 1,889,568 93
pm[XXXFXX] 1,889,568 93
pm[XXXXFX] 1,889,568 95
pm[XXXXXF] 1,889,568 94

Synthesis and screening pm[LFIFFF] 1 6

a From reference 36.
b X represents a mixture of 18 permethylated L-amino acids, O represents 1 of

20 permethylated L-amino acids, pm is N-permethylated, and one-letter amino
acid codes are used and are defined as follows: F, phenylalanine; I, isoleucine; L,
leucine.
c IC50, peptide mixture concentration that inhibits 50% of bacterial growth

(42). The activity was determined against 105 CFU of S. aureus ATCC 29213 per
ml following a 21-h incubation at 378C.
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crobial activities similar to those of the L-amino acid-contain-
ing hexapeptides (5). These results suggest that chirality is not
a driving feature in the antimicrobial activities of these
hexapeptides and that a surface active-type mechanism is most
likely responsible for their lytic effects.
In a first attempt to circumvent the drawbacks inherent to

L-amino acids, a tetrapeptide SCL was generated from mix-
tures of L-, D-, and unnatural amino acids (7). The insertion of
such amino acids was anticipated to enhance the stability of the
peptides toward proteolysis. Following an iterative deconvolu-
tion process, four series of antimicrobial tetrapeptides were
identified (Table 4). A number of these tetrapeptides exhibited
similar activities against MRSA and a susceptible strain of S.
aureus (Table 4). In contrast to the hexapeptides described
above, these tetrapeptides appeared to be bacteriostatic. How-
ever, lower activity in the presence of serum indicated the
occurrence of heat-stable protease degradation (7). In addi-
tion, these peptides showed higher hemolytic activities than the

L-amino acid-containing hexapeptides described above (Tables
3 and 4).
Peptidomimetic compounds. Recent advances in synthesis

technologies and chemistries have led to the generation of
collections of peptidomimetic and nonpeptide compounds (for
reviews, see references 4, 18, and 23). Such compounds are
expected to be more suitable than peptides as oral drug can-
didates. One approach to the development of peptidomimetic
compound and chemical SCLs involved the chemical transfor-
mation of existing peptide SCLs (this was termed the ‘‘libraries
from libraries’’ approach [15, 19, 36]). As an example of this
approach, the chemical transformation of a resin-bound pep-
tide library was carried out by permethylation of the amide
nitrogens of the mixtures (36). A number of N-permethylated
hexapeptides were derived from this SCL that had selective
antimicrobial activity against gram-positive bacteria (Table 5)
(36). All of these compounds exhibited little effect on eryth-
rocyte (,2% hemolysis at 100 mg/ml and 0 to 16% hemolysis

TABLE 3. L-Amino acid-containing peptides derived from generic SCLs

Series sequencesa Most active
compoundsa

IC50 (mg/ml) forb: % Hemolysis at
100 mg/mlc Reference

S. aureus E. coli C. albicans

Ac-RRWWCO-NH2 Ac-RRWWCR-NH2 11–12 12–18 100–101 0 5
Ac-RRWWCF-NH2 10–14 20–21 70–97 3–4 5

Ac-RRWWRO-NH2 Ac-RRWWRF-NH2 5–10 8–16 39–80 0 37
Ac-RRWWRH-NH2 19–38 11–22 30–60 0–1 37
Ac-RRWWRR-NH2 16–32 16–32 28–56 1–2 4,37

Ac-FRWLLO-NH2 Ac-FRWLLF-NH2 11–22 NDd .500 3–6 25,37
Ac-FRWLLR-NH2 13–26 ND 54–108 20–30 25,37

Ac-FRWWHO-NH2 Ac-FRWWHR-NH2 18–36 13–26 ND 6–10 27,37
Ac-FRWWHW-NH2 23–46 27–54 ND 4–6 27,37

Ac-RRWCKO-NH2 Ac-RRWCKR-NH2 ND ND 67–130 ND 4
Ac-RRWCKH-NH2 ND ND 70–140 ND 4

a O is as defined in the text, Ac is N-acetylated, and one-letter amino acid codes are used and are defined as follows: R, arginine; W, tryptophan; C, cysteine; F,
phenylalanine; H, histidine; L, leucine; K, lysine.
b See note c of Table 2. The activity was determined against 105 CFU of S. aureus ATCC 29213 and E. coli ATCC 25922 per ml after a 21-h incubation at 378C and

against C. albicans ATCC 10231 after a 48-h incubation at 308C.
c Percent hemolysis was determined against 0.25% human erythrocytes after a 1-h incubation at 378C (5).
d ND, not determined.

TABLE 4. L-, D-, and unnatural amino acid-containing peptides derived from SCLsa

Series sequencesb Most active compoundsb
MIC (mg/ml)c % Hemolysis

at 125 mg/mldS. aureus MRSA E. coli C. albicans

(aFmoc-εelys)WfU-NH2 (aFmoc-εlys)WfI-NH2 3–4 4–8 62–125 250–500 18–26
(aFmoc-εlys)Wfw-NH2 3–4 3–4 62–125 250–500 100

(aFmoc-εlys)WKU-NH2 (aFmoc-εlys)WKW-NH2 5–8 .250 16–31 250–500 80–82
(aFmoc-εlys)WKC-NH2 5–8 62–125 31–62 .500 56–77

(aFmoc-εlys)WYU-NH2 (aFmoc-εlys)WYr-NH2 5–8 62–125 31–62 250–500 100
(aFmoc-εlys)WY(aABA)-NH2 5–8 8–16 62–125 250–500 27–51

(aFmoc-εlys)ciU-NH2 (aFmoc-εlys)cir-NH2 4–8 .250 31–62 125–250 89–94
(aFmoc-εlys)ciR-NH2 8–16 .250 31–62 250–500 100

a From reference 7.
b U is 1 of 20 L-, 19 D-, and 19 unnatural amino acids; lowercase letters represent D-amino acids; one-letter amino acid codes are used and defined as follows: W,

tryptophan; F, phenylalanine; I, isoleucine; K, lysine; C, cysteine; Y, tyrosine; R, arginine; aFmoc-εlys, Na-fluorenylmethoxycarbonyl-Nε-lysine; aABA, a-aminobutyric
acid.
c The MIC is the peptide concentration that inhibits 100% of bacterial or yeast growth. The activity was determined against 105 CFU of S. aureus ATCC 29213 and

E. coli ATCC 25922 per ml after a 21-h incubation at 378C and against C. albicans ATCC 10231 after a 48-h incubation at 308C.
d See footnote c of Table 3.
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at 330 mg/ml [Table 5] [36]). These compounds were stable to
proteolysis following overnight exposure. Interestingly, the
quaternary trimethyl ammonium salt of the nonpermethylated
FFFFFF-NH2 (where F is phenylalanine) did not show any
activity against the microorganism tested (50% inhibitory con-
centration, .250 mg/ml) (36). These results indicate that the
activities found for the permethylated compounds are not
solely due to their highly hydrophobic nature.
Extensive studies on the generation of peptidomimetic and

organic compound SCLs are ongoing in order to extend the
available diversity of compounds to be assayed. The difficulty
in generating such libraries derives from the lack of solid-phase
methods for the straightforward synthesis of organic com-
pounds. Peptidomimetic and organic SCLs include those com-
posed of polyamines (15), amide functionalized polyglycines
(41), benzodiazepine derivatives (11), oligocarbamates (14),
hydantoins (17), b-mercaptoketones (13), or cubane deriva-
tives (12). However, their use in antimicrobial assays has yet to
be reported.

SCLs AS RAPID ALTERNATIVE TO
ANALOGING METHODS

While the examples described above refer to generic SCLs,
which are not targeted to a specific assay system, the SCL
technology was also used to improve the antimicrobial activi-
ties of existing compounds. Once an active compound has been
isolated either from natural sources or from structure-activity
relationship studies, a number of analogs are usually prepared

to improve the compound’s activity. Such procedures require a
large number of individual compounds to be synthesized and
often become lengthy and laborious. The SCL approach com-
bined with the simultaneous multiple synthesis methodology
(24) allows the requisite large number of individual analogs to
be generated and screened simultaneously and relies on a
‘‘natural’’ selection process that is driven by the assay to lead to
analogs having greater activities. Furthermore, prior knowl-
edge of the structure-activity relationship of the antimicrobial
peptide being studied was shown to permit the optimization of
the design of the combinatorial library positions. Thus, an
18-mer amphipathic antimicrobial peptide (YKLLKKLLKKL
KKLLKKL-NH2, the termed [YLK] peptide) was selected as a
scaffold to build SCLs in which four positions were randomized
(Table 6) (6). This peptide was found in earlier studies to
adopt an a-helical conformation in lipidic environments (3),
which was correlated to its antimicrobial activity (2). Surpris-
ingly, the most active analogs of the [YLK] peptide identified
following the screening of such SCLs contained the helix-
breaker residues proline and/or glycine (6). These analogs ex-
hibited antimicrobial activities 1 order of magnitude higher
than that of the original [YLK] sequence against S. aureus
(Table 4). These peptides were found to undergo conforma-
tional changes in the presence of liposomes or polysialic acids.
The occurrence of such a lipid-peptide association may perturb
the lipid packing of bacterial cell membranes and ultimately
may result in cell lysis. The lower level of activity found against
the fungus Candida albicans may be due to the structural
differences between bacterial and fungi cell walls. One can

TABLE 5. Permethylated hexapeptides derived from SCLsa

Series sequencesb Most active
compoundsb

MIC (mg/ml)c
C. albicans % Hemolysis

at 330 mg/mldS. aureus E. coli

pm[OOOOOO] pm[LFIFFF] 11–15 NAe NA 12
pm[FFIFFF] 11–15 NA NA 0
pm[FFFFFF] 11–15 NA NA 16
pm[LFFFFF] 21–31 NA NA 10

pm[OOOOOOO] pm[FFFFFFF] 3–4 NA NA NDf

a From reference 36.
b O is as defined in the text, and one-letter amino acid codes are used and are defined as follows: F, phenylalanine; I, isoleucine; L, leucine.
c The MIC is the peptide concentration that inhibits 100% of bacterial or yeast growth. The activity was determined against 105 CFU of S. aureus ATCC 29213 and

E. coli ATCC 25922 per ml after a 21-h incubation at 378C and C. albicans ATCC 10231 after a 48-h incubation at 308C.
d See footnote c of Table 3.
e NA, nonactive.
f ND, not determined.

TABLE 6. SCLs as analoging methodsa

Series sequencesb Most active compoundsb
MIC (mg/ml)c

HD50
(mg/ml)dStaphylococcus

aureus
Pseudomonas
aeruginosa

Candida
albicans

YKLLKOLLOKLKOLLOKL-NH2 YKLLKLLLPKLKGLLFKL-NH2 2–3 6–12 120–185 24
YKLLKLLLPKLKPLLFKL-NH2 3–5 7–14 130–175 55
YKLLKLLLPKLKGLLIKL-NH2 4–6 14–28 130–206 28
YKLLKLLLPKLKPLLIKL-NH2 4–6 8–16 120–174 69

[YLK] YKLLKKLLKKLKKLLKKL-NH2 30–55 10–20 50–78 6.1

a From reference 6.
b O is as defined in the text, and one-letter amino acid codes are used and are defined as follows: F, phenylalanine; G, glycine; I, isoleucine; K, lysine; L, leucine;

P, proline; Y, tyrosine.
c The MIC is the peptide concentration that inhibits 100% of bacterial or yeast growth. The activity was determined against 105 CFU of S. aureus ATCC 29213 and

P. aeruginosa ATCC 27853 per ml after a 21-h incubation at 378C and C. albicans ATCC 10231 after a 48-h incubation at 308C.
d HD50, peptide mixture concentration that lyses 50% of erythrocytes.
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envision weaker effects on the lipid packing of the fungal cell
wall because of its multilayered nature and high degree of
compactness compared with the bacterial cell wall.

CONCLUSION

Although not fully exploited, the examples described above
show that novel antimicrobial compounds, as well as analogs
having activities equal to or greater than those of existing
antimicrobial agents, can be rapidly identified by using the SCL
technology. While most of these studies have focused on the
development of antimicrobial peptides, the recent successes in
generating peptidomimetic and organic compound libraries
make the SCL technology a valuable tool in the search for
novel antimicrobial agents. These developments take on in-
creased significance because of the alarming emergence of
strains resistant to existing therapeutic regimens.
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